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CIRCADIAN REGULATION OF ADULT NEUROGENESIS IN ZEBRAFISH 
AND ITS MODULATION BY NUTRITION 
ERIN M. MCGOWAN 
 
ABSTRACT 
 The recently accepted phenomenon of adult neurogenesis is important for basic 
biological research and, potentially, can have major implications for the treatment of age-
related cognitive decline and disease. Investigation into the mechanisms of adult 
neurogenesis and its ability to replenish brain circuits with new functional neurons 
requires whole animal models.  Zebrafish, a diurnal vertebrate, has robust cell 
proliferation in several neurogenic niches, including the cerebellum and dorsal 
telencephalon, the latter bearing homology to mammalian hippocampus. Because 
zebrafish demonstrate rapid regeneration in all tissues, including successful repair 
following brain traumas, they are promising as a model for designing therapies for human 
brain traumas or stroke. Their long lifespan and gradual aging also makes them an 
interesting model for the role of neurogenesis in counteracting human neurodegenerative 
disorders of aging. In different models, it has been found that cell proliferation in adult 
brain can be significantly affected by behavioral and environmental factors. Among those 
is nutrition, impacting adult neurogenesis through the amount of caloric intake, meal 
frequency, and meal content. The study presented here addressed the effects of nutritional 
factors on adult neurogenesis in a zebrafish model of premature aging due to excessive 
caloric food intake since early development. Fish were exposed to fasting, different diets 
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and feeding schedules, with the rate of cell proliferation documented in two largest 
neurogenic niches of the zebrafish brain, the cerebellum and dorsal telencephalon. Here 
we show that, under normal conditions, fish with premature aging demonstrate dramatic 
decline in adult neurogenesis in both niches, when compared to age-matched control. The 
present findings establish an effect of nutrition on neurogenesis in the cerebellum and 
dorsal telencephalon of adult zebrafish.  Zebrafish maintained on HFD, subjected to 
fasting, or fed only in the evenings showed significant changes in neurogenesis in two 
distinct neurogenic niches from that of control fish.  Remarkably, the two brain regions 
under investigation displayed partially different responses to nutrition related factors. 
This was reflected in the cerebellar niche in which neurogenesis was significantly 
increased by 24h fast/24h refeed, high fat diet, and evening feeding 
conditions.  Neurogenesis of the cerebellum was significantly decreased in 24h fast, 42h 
fast/refeed conditions.  In the dorsal telencephalon, neurogenesis was significantly 
amplified by high protein, and similar to the cerebellum, high fat diet and evening 
feeding conditions.  In contrast, neurogenesis of the dorsal telencephalon was 
significantly attenuated only in the 72h fasting condition. This study provides evidence 
that nutrition plays important role in the modulation of adult neurogenesis in zebrafish, 
and presence of niche-specific responses to nutritional factors. This further suggests that 
zebrafish can serve as a model for studying the effects of specific diets, metabolic factors 
and drugs that affect metabolism in search for prophylactic and therapeutic measures for 
age-related cognitive decline or neurodegenerative disorders.  
 
		 viii 
TABLE OF CONTENTS 
 
TITLE……………………………………………………………………………………...i 
COPYRIGHT PAGE……………………………………………………………………...ii 
READER APPROVAL PAGE…………………………………………………………..iii 
DEDICATION ................................................................................................................... iv	
ACKNOWLEDGMENTS .................................................................................................. v	
ABSTRACT ....................................................................................................................... vi	
TABLE OF CONTENTS ................................................................................................. viii	
LIST OF FIGURES ........................................................................................................... xi	
LIST OF ABBREVIATIONS .......................................................................................... xiii	
INTRODUCTION .............................................................................................................. 1	
Adult Neurogenesis ......................................................................................................... 1	
Neurogenesis in Mammals .............................................................................................. 2	
Neurogenesis in Zebrafish .............................................................................................. 3	
Circadian Timing of Adult Neurogenesis ....................................................................... 7	
Intrinsic and Extrinsic Factors ........................................................................................ 9	
Effects of Nutrition on Neurogenesis ........................................................................... 11	
High Fat Diet ............................................................................................................. 11	
Caloric Restriction .................................................................................................... 12	
		 ix 
Fasting ....................................................................................................................... 14	
Timing of Feeding ..................................................................................................... 15	
METHODS ....................................................................................................................... 18	
Animals ......................................................................................................................... 18	
Diet, Time of Feeding, Fasting/Refeeding Conditions ................................................. 18	
Live Brine Shrimp and Gemma Micro 300 .................................................................. 19	
5-bromo-2'-deoxyuridine (BrdU) and 5-ethynyl-2'-deoxyuridine (EdU) Pulse-Chase 
Treatment ...................................................................................................................... 20	
Immunohistochemistry ................................................................................................. 22	
Microscopy and Analysis .............................................................................................. 23	
RESULTS ......................................................................................................................... 24	
Age-related decline in zebrafish neurogenesis ............................................................. 25	
Total adult neurogenesis in cerebellar and dorsal telencephalic neurogenic niches are 
greatly modified by specific feeding conditions ........................................................... 28	
Role of diet and excessive caloric load on modifications of adult neurogenesis in the 
cerebellum and dorsal telencephalon ............................................................................ 32	
Nutritional deprivation and intermittent fasting affects adult neurogenesis in the 
cerebellum and dorsal telencephalon ............................................................................ 34	
Timing of food intake, morning versus evening, can modify the pattern of adult 
neurogenesis in the cerebellum and dorsal telencephalon ............................................ 36	
DISCUSSION ................................................................................................................... 39	
		 x 
REFERENCES ................................................................................................................. 42	
CURRICULUM VITAE ................................................................................................... 53	
 
  
		 xi 
LIST OF FIGURES 
 
Figure Title Page 
1 Neurogenic regions of the zebrafish brain in comparison 
to mammals. 
6 
2 Stem cell niches of the adult zebrafish telencephalon and 
the cerebellum. 
7 
3 Intrinsic and extrinsic factors regulate adult neurogenesis 
at each of the three stages: proliferation, differentiation, 
and survival. 
10 
4 Fasting and refeeding conditions measured by 24h BrdU 
administration and EdU pulse in fish. 
20 
5 Time of feeding and diet measured by BrdU/EdU pulse-
chase in fish. 
21 
6 The absolute number of proliferating cells in the 
cerebellum of young adult 0.5-year old and 1-year old fish 
remains similar. 
25 
7 Changes in body shape and locomotor activity with 
chronological and premature aging.   
27 
8 Reduction in adult neurogenesis with normal and 
premature aging. 
28 
9 Total number of labeled cells within neurogenic niches. 30 
		 xii 
10 Diet modulates neurogenesis in the cerebellum of 1-year-
old premature aged fish. 
32 
11 Diet modulates neurogenesis in the dorsal telencephalon 
of 1-year-old premature aged fish. 
33 
12 Fasting and fasting/re-feeding modulates neurogenesis in 
the cerebellum of 1-year-old prematurely aged fish. 
35 
13 Fasting and fasting/re-feeding modulates neurogenesis in 
the dorsal telencephalon of 1-year-old premature aged 
fish. 
35 
14 Time of feeding modulates neurogenesis in the cerebellum 
of 1-year-old premature aged fish 
37 
15 Time of feeding modulates neurogenesis in the dorsal 
telencephalon of 1-year-old premature aged fish 
37 
 
 
  
		 xiii 
LIST OF ABBREVIATIONS 
 
BDNF………………………………………………….Brain-derived Neurotrophic Factor 
BrdU…………………………………………………………………..Bromodeoxyuridine 
Cer……………………………………………………………………………...Cerebellum 
CR………………………………………………………………………Caloric Restriction 
CSF……………………………………………………………………Cerebrospinal Fluid 
Dl…………………………………………………..Lateral Domain (of zebrafish pallium) 
Dm…………………………………………………Medial Domain (of zebrafish pallium) 
DT…………………………………………………………………...Dorsal Telencephalon 
GABA………………………………………………………...Gamma-Aminobutyric Acid 
GFAP……………………………………………………….Glial Fibrillary Acidic Protein 
HFD…………………………………………………………………………..High Fat Diet 
IACUC…………………………………….Institutional Animal Care and Use Committee 
IGF…………………………………………………………...Insulin-like Growth Factor 1 
IF………………………………………………………………………Intermittent Fasting 
IPC………………………………………………….……….Intermediate Progenitor Cells 
ND………………………………………………………………....Nutritional Deprivation 
NSC………………………………………………………………………Neural Stem Cell 
OCT…………………………………………………………Optimal Cutting Temperature 
PBS……………………………………………………………..Phosphate Buffered Saline 
RO………………………………………………………………………..Reverse Osmosis 
SCN……………………………………………………………...Suprachiasmatic Nucleus 
		 xiv 
SGZ……………………………………………………………………...Subgranular Zone 
SSC………………………………………………………………….Saline-sodium Citrate 
SVZ…………………………………………………………………...Subventricular Zone 
Te……………………………………………………………………………Telencephalon 
URL…………………………………………………………………...Upper Rhombic Lip 
VZ………………………………………………………………………...Ventricular Zone 
ZT………………………………………………………………………………...Zeitgeber 
 
	1 
INTRODUCTION 
Adult Neurogenesis 
The field of neurogenesis has made remarkable progress in the past two decades. 
For decades, the neuroscience community’s view was that adult neurogenesis does not 
exist in vertebrates, following the famous statement made by Ramon y Cajal in 1913: “in 
the adult centres, the nerve paths are something fixed, ended and immutable… everything 
may die, nothing may be regenerated.”  Seminal work by Altman and Das, in 1965, 
followed by many others, demonstrated beyond any doubt that adult brain produces new 
neurons and incorporates them into active neuronal networks.  Though the magnitude of 
this phenomenon is highly variable across species, there is evidence of adult neurogenesis 
in pioneer studies in species such as birds. The first few principal studies demonstrating 
proliferation included avian species were conducted by Nottebohm in 1984.  In a series of 
experiments, Nottebohm and his colleagues showed that thousands of new neurons are 
added every day to the avian brain by showing the production of new cells with 
thymidine labelling (Gross, 2000).  This labelling technique lead to the technique of 
labeling cells with nucleotide analogs (e.g. bromodeoxyuridine (BrdU)) and protein 
markers combined with confocal imaging has allowed the identification of adult-born 
neurons (Aimone et al., 2014).  Importantly, adult neurogenesis has now been shown to 
be present in all the vertebrates studied so far such as such as crickets (Cayre et al., 
1994), crustaceans (Harzsch and Dawirs, 1996), zebrafish (Zupanc et al., 2005) and 
mammals, including rodents (Kaplan and Hinds, 1977; Gould et al., 1992), non-human 
primates (Gould et al., 1999) and humans (Eriksson et al., 1998).  
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With the pioneering work done at the end of the 1990s by Gould et al., 
Kempermann and Gage, Cameron and McKay, and Eriksson, it is evident that new 
neurons are formed in the mammalian hippocampus and that they are related to learning 
and memory (for review, Gross et al., 2000).  Thus, it is thought that age-related diseases 
like Alzheimer’s and mild cognitive impairment may be related to altered neurogenesis 
(Gould et al., 1999).  Understanding the molecular nature of neuronal regeneration in 
model organisms could be instrumental for devising therapeutic applications for cognitive 
decline and neurological diseases in humans (Kizil et al., 2011).  
 
Neurogenesis in Mammals 
The adult mammalian brain harbors two well-characterized regions of 
neurogenesis, the subventricular zone (SVZ, also known as the subependymal layer) of 
the lateral wall of the lateral ventricle and the subgranular zone (SGZ) of the dentate 
gyrus in the hippocampus.  These zones give rise to neural stem cells (NSCs) with 
astrocytic features that give rise to new neurons (Alvarez-Buylla and Garcia-Verdugo, 
2002; Garcia et al., 2004; Kempermann 2002; Altman and Das, 1965; Lois and Alvarez-
Buylla, 1994; Betarbet et al., 1996; Eriksson et al., 1998).  Most of what we know about 
neurogenesis comes from rodent studies.  
In the SVZ niche, GFAP- and Nestin-positive radial glial NSCs (type B cells), 
surrounded by ependymal cells, contact cerebrospinal fluid (CSF) with an apical process 
and an adjacent blood vessel with a basal process. Type B cells generate transient 
amplifying progenitors (type C cells).  Type C cells divide and become neuroblasts (type 
A cells), which migrate through the rostral migratory stream to differentiate into 
	3 
inhibitory GABA-ergic interneurons in the granular layer of the olfactory bulb and 
periglomerular layer (Lledo et al., 2008).  
In SGZ, the cell nomenclature differs. GFAP-positive radial glial NSCs (type 1 
cells) are are the stem cells in this niche. They are located within the granular cell layer 
and hilus and give rise to intermediate progenitor cells (IPCs or type 2 cells). IPCs 
undergo proliferation then generate neuroblasts which develop into immature neurons 
and migrate to the granular cell layer to differentiate into excitatory-glutamatergic dentate 
granule neurons (Bond et al., 2015).  
 
Neurogenesis in Zebrafish 
Adult neurogenesis is strongly limited to the SVZ and SGZ in mammals but is 
more ubiquitous in other vertebrates such as reptiles (Font et al., 2002), birds (Goldman, 
1998), and teleost fish (Zupanc, 2001). In fact, teleost fish exhibit the most pronounced 
and widespread adult neurogenesis of any vertebrate studied so far (Kaslin et al., 2008). 
Zebrafish, a teleost, is an excellent vertebrate model system for many disciplines such as 
molecular and cellular biology, developmental biology, genetics and for analyzing loss of 
neurons in adult stages due to its marked regenerative capacity in several organs 
including the central nervous system (Nusslein-Volhard and Dahm, 2002; Antos and 
Tanaka, 2010; Antos et al., 2010; Becker and Becker, 2008).  Although several organisms 
have been used for regeneration studies, the zebrafish offers a unique combination of 
advantages as a vertebrate regeneration model because of its easy maintenance, 
sequenced genome, established transgenesis techniques, and emergent opportunities for 
real-time imaging and micromanipulation.  Zebrafish continue to grow as adults (Tsai et 
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al., 2007) and its adult brain has several progenitor zones, in which cells proliferate 
continuously, to maintain homeostasis and contribute to life-long growth of the brain 
(Grandel et al., 2006). However, in contrast to mammals, zebrafish neurogenesis is not 
restricted to the telencephalon but is widespread and remarkably active throughout the 
entire brain (Zupanc et al., 2005; Kizil et al., 2012; Schmidt et al., 2013).  Another 
advantage of the zebrafish model is that it displays gradual aging, like humans and, 
compared to rodents, has relatively long lifespan (up to 6 years). It is thus becoming a 
new promising model organism to study the effects of brain aging and age-associated 
disorders. It has a similar genome to humans and ages gradually, living on average 3-5 
years (Kishi et al., 2003).  
Each day, thousands of cells in 16 neurogenic niches of the adult zebrafish brain 
are undergoing division, with the majority of newborn cells eventually differentiating into 
specialized neurons (Zupanc et al., 2005; Grandel et al., 2006; Adolf et al., 2006; Kaslin 
et al., 2009, Kaslin et al, 2013).  In the zebrafish, these 16 different progenitor niches are 
distributed along the entire rostro-caudal brain axis (Grandel et al., 2006).  The progenitor 
niches contain label-retaining cells that are thought to give rise to many different 
subtypes of neurons (Zupanc et al., 2005; Adolf et al., 2006; Grandel et al., 2006).  The 
proliferative zones in adult zebrafish brain are located along the ventricular walls or their 
remnants.  In this study, two of the 16 cerebellar niches are described in detail, for the 
reasons of homology to mammalian neurogenic regions (dorsal pallium) or abundant 
proliferation (cerebellum).  
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 The NSCs and the intermediate neural progenitor cells (NPCs) are present in a 
specialized niche in the zebrafish cerebellum. The progenitor activity is detected along 
the IVth ventricle and its remnant, the cerebellar recesses.  Intermediate progenitors 
migrate in a distinct outside-in fashion into the granular cell layer where they 
differentiate into granule cells.  Although several subtypes of inhibitory and excitatory 
cells are found in the zebrafish cerebellum, mainly granule cells are produced in the adult 
(Kaslin et al., 2009).  
The telencephalon (Te) of the teleost, like that of mammals, is comprised a dorsal 
Te, or pallium, and ventral Te, or subpallium. The lateral domain of the zebrafish pallium 
(Dl) has been suggested to be homologous to mammalian hippocampus, while its medial 
domain (Dm) to contain amygdala-like nuclei (Than-Trong and Bally-Cuif, 2015).  Due 
to telencephalic evagination in teleost (in contrast to invagination in mammals), part of 
their NSCs end up on the surface of dorsal Te (D).  NSCs in the pallium are distinguished 
by radial glial markers, GFAP, and long radial processes reminiscent of mammalian 
embryonic radial glial cells (Adolf et al., 2006; Kizil et al., 2011).  The actively cycling 
GFAP-negative cells in this region are likely to represent the intermediate neural 
progenitor cells (NPCs) or mitotic glioblasts and neuroblasts (Kaslin et al., 2008; Marz et 
al., 2010). Those produce post-mitotic cells that differentiate into glia or neurons. 
Zebrafish have the ability to induce a regenerative response in all regions of the 
brain, and can be used as a tool to analyze the mechanisms involved in adult 
neurogenesis.  Findings can help us to answer fundamental questions such as the 
molecular programs dictating the stem/progenitor cells to proliferate and replenish lost 
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neurons. Such studies have a great potential to help understand the regeneration biology 
of the vertebrate central nervous system, and to open up new avenues for designing 
therapies for human neurodegenerative disorders or acute neural injuries (Kizil et al., 
2011). 
 
Figure 1.  Adult neurogenic regions in vertebrate models: mouse versus zebrafish 
(Kizil et al., 2011).  Mouse brain (left) has 2 well delineated neurogenic niches, 
subgranular zone of the hippocampal dentate gyrus and the subventricular zone of the 
lateral ventricles, versus 16 discrete niches in the zebrafish brain (right).  Adult stem cell 
niches (red) and neurogenic niche (blue).  
 
 
 
Figure 2. Stem cell niches of the adult zebrafish telencephalon (A) and the 
cerebellum (B) (Kizil et al., 2011). Schematic of the progenitor activity in two 
neurogenic niches presented in this study.  Dorsal telencephalon contains progenitors that 
express glial markers (green). Cerebellum contains granule and glial progenitors (white 
and green, white and pink).  CR, cerebellar recessus; GL, granule cell layer; ML, 
molecular layer; PL, Purkinje cell layer.  
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Circadian Timing of Adult Neurogenesis 
Circadian control of cell division is well established.  The term circadian refers to 
the 24-h periodicity oscillations due to the earth's rotation around its axis.  Zeitgebers (the 
German word for “time givers”) are signals that synchronize the body's circadian clock 
with the environment.   One of the most common examples of a zeitgeber in virtually all 
species is light.  In mammals, light functions as a zeitgeber by activating the 
suprachiasmatic nuclei (SCN), the small paired nuclei of the anterior hypothalamus 
located just above the optic chiasm (Stephan and Zucker, 1972).  The period of SCN 
oscillation however differs between individuals, ranging from around 23 to 25h.  The 
SCN receive photic information from the environment from eyes via the retino-
hypothalamic tract.  The SCN is known as the master clock regulator and synchronizes 
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the phases of oscillating cells and tissues in the body (Hastings et al., 2008; Schibler and 
Sassone-Corsi, 2002). 
The highly conserved core circadian clock mechanisms, including clock gene 
expression, the daytime activity of SCN neurons, and nighttime production of the 
principal circadian hormone melatonin, all follow similar temporal patterns in nocturnal 
and diurnal animals. In striking contrast to that, the downstream processes these clocks 
control in, for example, a diurnally active human and nocturnally active mice, are 
inverted, having a 12-hour phase difference. This is reflected in such behavioral states as 
wakefulness (vs. sleep), peak cognitive performance, peak in cardiovascular or metabolic 
functions occurring at daytime in humans and at night in mice. 
Diurnal variation in cell proliferation has been documented in studies including 
human and rodent bone marrow (Smalland et al., 2002), gastrointestinal tract mucosa 
(Marra et al., 1994), epidermis (Brown, 1991), liver (Haus and Halberg, 1966), and 
cornea (Scheving and Pauly, 1967) and in the neuronal cell cycle is the through light 
entrainment of neurogenesis in lobsters (Goergen et al., 2002).  The question of whether 
adult neurogenesis might be under control of the circadian clock has also been addressed 
in several studies. However, these investigations led to inconsistent results. Some studies 
in lobsters (Goergen et al., 2002), mice (Bouchard-Cannon et al., 2013) or rats (Guzman-
Marin et al., 2007) found the number of cells in the S-phase of the cell cycle to increase 
at day-night transition or, in mice, the mitosis to peak at night (Tamai et al., 2008). 
Others found no such daily variation in S-phase in mice (Kochman et al., 2006; Van Der 
Borght et al., 2006; Tamai et al., 2008, Ponti et al., 2013), rats (Ambrogini et al., 2004) or 
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variation in mitosis in mice (Ponti et al., 2013).  However, until recently, these studies on 
the circadian control of neurogenesis have only been conducted in nocturnal species.  
Recently, this laboratory reported that the circadian system regulates adult 
neurogenesis via intracellular clock mechanisms by modifying the environment of 
neurogenic niches, with daily variation in growth factors or nutrients.  It was found that 
there is significant circadian variation in cell proliferation across five zebrafish niches 
and that circadian modulation of cell cycle progression involves both systemic and niche-
specific factors (Stankiewicz, Akle, et al., 2017).  Further investigation of circadian 
regulation of adult neurogenesis in a diurnal species such as the zebrafish can be crucial 
for translation to humans and can help optimize the timing of therapeutic approaches in 
patients with brain traumas or neurodegenerative disorders (Stankiewicz, Akle, et al., 
2017).   
 
Intrinsic and Extrinsic Factors 
It has been found that the proliferation of cells is profoundly regulated by 
behavioral and environmental factors such as stress, age, exercise, or enrichment, among 
others (Eriksson et al. 1998). The search for intrinsic and extrinsic factors that can 
modulate cell division cycle progression within specific brain regions may lead to novel 
prophylactic and treatment strategies for brain traumas and neurodegenerative disorders, 
or promote successful cognitive aging.   
Many factors can either positively or negatively influence neurogenesis and this 
has important implications for aging.  One environmental factor that can accelerate 
neurogenesis is voluntary exercise (Vivar et al., 2012; van Praag et al., 2002; van Praag et 
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al., 1999). In other studies, it has also been shown that mice raised in enriched 
environments also likely affect neurogenesis positively (Schaefers, 2013; Kempermann et 
al., 1998).  Learning, specifically hippocampal-dependent learning tasks, can improve 
cell regeneration rates (Arslan-Ergul et al., 2013). Newly formed neurons depends on 
associative learning tasks in the dentate gyrus (Gould et al., 1999a).  Factors that have a 
negative effect on the proliferation, differentiation, and survival of new neurons include 
stress, radiation, and pharmacological agents present in the environment such as 
pollutants and drugs (Wu and Casren, 2009). 
 
Figure 3.  Intrinsic and extrinsic factors regulate mammalian adult neurogenesis at 
each of the three stages: proliferation, differentiation and survival (Aimone et al., 
2014.)  Regulation of neurogenesis by various behaviors (left) and network factors 
(right).  These factors can affect all phases of adult neurogenesis by either enhancing 
(arrow) or suppressing (flat).  
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Effects of Nutrition on Neurogenesis 
 Nutrition is an important extrinsic factor that can influence adult neurogenesis. 
Diet can impact adult neurogenesis through caloric intake, meal frequency, and meal 
content (Stangl and Thuret, 2009). Understanding the mechanisms of energy flux on 
neurogenesis may be critical for fighting cognitive decline and neurological disorders 
associated with aging and obesity.  
 
High Fat Diet   
The shocking trend of rises in high fat diets and obesity has led to an intensifying 
incidence of diabetes and cardiovascular disease (Solfrizzi et al., 2003).  Furthermore, 
several studies have now suggested that a high fat diet can impact the normal 
development of the central nervous system and can hinder cognitive performance 
(Solfrizzi et al., 2003; Molteni et al., 2002).  Obesity is generally defined as the 
physiological condition in which excess body fat has accumulated to an extent that can 
negatively affect health.  It is now understood that obesity accelerates disease and the 
development of age-related pathologies due to the dramatically enhanced risks for disease 
conditions such as type 2 diabetes, cardiovascular disease, gastrointestinal and respiratory 
difficulties, certain types of cancer, and metabolic disease (for review, Haslam and 
James, 2005).  One of the costliest and most debilitating effects of aging is the loss of 
cognitive function and the onset of dementia. Furthermore, evidences referring to over 
nutrition-induced neurological diseases such as Alzheimer’s and Parkinson’s also provide 
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a link between nutrition and aging-induced neurodegenerative disorders (Ballard et al., 
2011; Beydoun et al., 2008; Hamer and Chida, 2009; Lu et al., 2009).  
 Studies in rodents so far have shown confirmations of a negative effect of high 
intake of dietary fat on hippocampal neurogenesis, even in the absence of increased body 
weight and tissue accumulation (Lindqvist et al., 2006).  Independent of caloric intake, 
diets with high-fat content are damaging and weaken adult hippocampal neurogenesis in 
male rats (Molteni et al., 2002; Winocur and Greenwood, 2005)). Neurogenesis has also 
been shown to be significantly attenuated in the hypothalamus of adult mice maintained 
on a prolonged high-fat diet (HFD) (Li et al., 2012; McNay et al., 2012).  In contrast, 
hypothalamic neurogenesis can increase in response to short-term HFD feeding which 
was suggested to be an adaptive reaction of the hypothalamus that attempts to counteract 
the negative effects of HFD feeding on energy balance (Lee et al., 2012).  
 A better understanding of the degree to which, and the mechanism by which, high 
fat diets affect neurogenesis could not only result in significant advances in public health, 
but could also reveal the pathophysiologic processes that underlie age-related cognitive 
dysfunction and dementia.  
 
Caloric Restriction 
Caloric restriction (CR) has been shown to extend life and health span in diverse 
species.  Currently, it is known as the only non-genetic intervention to delay age-related 
cognitive decline and diseases in mammals (Lin et al., 2002; Roth et al., 2001; 
Weindruch and Walford, 1988). However, CR has only recently been studied as a method 
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that could delay the aging process (Roth et al., 2001). CR has been shown to extend the 
life spans of various model organisms such as budding yeast (Lin et al., 2002; Jiang et al., 
2000), flies (Partridge et al., 2005; Chippindale et al., 1993), spiders (Austad, 1989), 
worms (Houthoofd et al., 2003), fish (Novak et al., 2005), mice (Ingram et al., 1987; 
Sohal and Weindruch, 1996; Flier et al., 1997), and monkeys (Lin et al., 2002; Colman et 
al., 2009). 
        The aim of CR is to have a 30-40% reduction in overall calorie uptake without 
malnutrition.  Malnutrition is broadly defined as a condition that results from eating a diet 
in which nutrients are either not enough or are too much such that the diet causes health 
problems (Young, 2012). The reduction in caloric intake should be maintained over a 
certain time period, not to be confused with short-term or prolonged fasting (Arslan-
Ergul et al., 2013). It is thought that CR may be exerting its effects by reducing IGF-1 
levels (Arslan-Ergul et al., 2013).  This polypeptide hormone has a key role in the 
regulation of cellular processes in tissues throughout the body, specifically in the nervous 
system where it is associated with neurotropic effects and the improvement of age-related 
cognitive impairments.   So far, it has been shown that CR does not actually prevent age-
related decline but helps to stabilize changes that occur at middle-age to avoid further 
decline in learning and memory (Adams et al., 2008).  The precise mechanisms of how 
CR affects cognitive aging remains largely unknown, however one possibility is that 
changes in neurogenesis could contribute to modifying the course of age-related 
decline.  Rodent studies have shown that CR has increased neurogenesis in the adult 
hippocampus and enhanced spatial learning and cognitive performance (Lee et al., 2000; 
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Lee et al., 2002; Bondolfi et al., 2004).  To date, there are very few studies that have 
examined CR in zebrafish (Arslan-Ergul et al., 2013). 
        Determining the appropriate timing of CR is of extreme importance for potential 
translation to humans.  Thus far, information about the neural consequences of CR in the 
zebrafish model is profoundly absent.   Understanding the biological changes that 
underlie age-related cognitive decline could provide direction for the development of 
dietary methods that can be used in humans to prevent age-related decline, and zebrafish 
provide an animal model in which these drugs can be screened and tested (Arslan-Ergul 
et al., 2013).   
 
Fasting  
 Intermittent fasting (IF) and alternate day feeding has been shown to extend life 
expectancy and have positive health outcomes that are similar to CR (Sohal and 
Weindruch, 1996; Goodrick et al., 1982; Ingram and Reynolds, 1987).  Like CR, IF has 
shown to reduce risk factors for diseases such as diabetes and cardiovascular disease in 
rodents (Anson et al., 2003; Wan et al., 2003).  The maintenance of every other day 
feeding results in resistance of hippocampal neurons to chemically induced degeneration 
(Bruce-Keller et al., 1999). The reduced damage is correlated to conservation of learning 
and memory in spatial learning tasks and could therefore have significant health benefits 
for devastating and widespread neurodegenerative disorders such as Alzheimer’s, 
Huntington’s, and Parkinson’s diseases (Martin et al., 2006).  
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 IF regimens have demonstrated reduction in neuronal damage and can improve 
the functional outcome in animal models of neurological trauma such as stress and 
neurodegenerative disorders such as Parkinson’s and Huntington’s disease (Yu and 
Mattson, 1999; Duan et al., 2003).  The mechanism of IF is unknown, but it has been 
reported that IF stimulates the production of brain-derived neurotrophic factor (BDNF) 
which was associated with increased hippocampal neurogenesis in rats and mice (Bruce-
Keller et al., 1999; Duan and Mattson, 1999; Leet et al., 2002).  
 In contrast to IF, nutritional deprivation (ND) is one of the worst conditions in a 
multicellular organism during development and onward.  The ability of species to adapt 
to nutrient availability is crucial for the development and function of the neural and 
sensory organs, therefore it is no surprise that the brain is strongly influenced by 
deprivation of nutrients (Rafalski and Brunet, 2011).  One way that the body’s 
metabolism adjusts in response to ND is by reducing proliferation while maintaining 
tissue homeostasis (Fielenbach and Antebi, 2008).  Emerging evidence shows that in 
response to ND, the behavior of NSCs and neurogenesis are influenced negatively by ND 
(Speder et al., 2011; Laus et al., 2011). Recently, studies have begun to study the effects 
of ND on zebrafish cell proliferation and have found it to be detrimental to neurogenesis 
(Love et al., 2014; Benitaz-Santana et al., 2016).  
 
Timing of Feeding  
 With today’s modern technology, night and rotating shift work has become 
increasingly common.  With light being the main zeitgebers that controls circadian 
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rhythmicity, unsurprisingly, shift work exposing people to light at night alters the 
circadian rhythms in the body. Studies have shown that these conflicting environmental 
cue, light during sleep period vs. light exposure at night, play essential roles in altering 
metabolic homeostasis (Fonken et al., 2010; Heerwagen et al., 2010).   Besides light, 
another major zeitgeber that can entrain circadian rhythms is food.  Feeding and circadian 
rhythms are tightly linked in gene expression so that when food is restricted to a certain 
time only, animals on restricted feeding schedules can show signs of SCN-independent 
entrainment or entrainment in the absence of SCN, reflected in the anticipation of food 
administration (Vollmers et al., 2009).  
 Only eating at one time during a 24h hour period could also be a method for 
intermittent fasting (Sohal and Weindruch, 1996; Goodrick et al., 1982).  The timing of 
food intake when there are several meals is also of importance.  Recent studies have 
shown the timing of food intake may play a significant role in weight gain and eating late 
may impair the success of weight-loss therapy (Garaulet et al., 2013; Arble et al., 
2009).  The results of the studies on humans who skip breakfast as well as night-eating 
syndrome patients are consistent with the timing of food intake as a determining role in 
weight gain (Colles et al., 2017).  Thus, it is important to understand what hours are more 
beneficial for therapeutic strategies that incorporate optimal nutrient intake and 
neurogenesis.   
 
Zebrafish provide an excellent model organism for studying the role of diverse 
intrinsic and extrinsic factors in aging of neurogenic capacity. This is because they have 
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very active neurogenesis at young age and, similar to humans, age gradually. Indeed, 
zebrafish can live up to 6-7 years under favorable conditions and exhibit clear 
morphological, anatomical and behavioral signs of successful or unsuccessful aging 
(Kishi et al, 2009). While earlier studies have documented age-related decreases in 
neurogenesis in zebrafish up to 2.5 years of age (Edelman et al., 2013), no detailed 
characterization of this process has yet been conducted.  
This study provides investigation of the age-related decline in adult neurogenesis 
and its change with premature aging due to excessive caloric intake.  The effects of 
fasting, different diets, and feeding schedules on adult neurogenesis in adult male 
zebrafish with premature aging were assessed.  
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METHODS 
 
Animals 
Adult male zebrafish (Danio rerio, wild-type AB strain), 0.5-3 years-old were 
maintained on a 14 h light:10 h dark (14:10 LD) cycle, at 28°C, in 3L tanks of a multi-
tank system (Aquaneering), as per standard practices (Whitmore et al., 2000). However, 
the normal and premature aging conditions were raised on different diets. Larval diet 
consisted of live food of paramecium and Type L saltwater rotifers (Brachionus 
plicatilis). Regular feeding schedule for mature fish consisted of twice a day 
administration at zeitgeber times (ZT) 1 and 8, (ZT0=lights on time) of pellets Gemma 
300 (1.7% of body weight), with supplement live feed Artemia salina nauplii/metanauplii 
(brine shrimp). Premature aging fish were fed three times as much as healthy fish at ZT1 
only, approximately 5% of their body weight, throughout larval and adult stages. Two 
months prior to experimental procedures, all fish were moved to regular feeding schedule 
of twice a day shrimp feeding (ZT2 and 8). All animal procedures were performed in 
accordance with Institutional Animal Care and Use Committee (IACUC) at Boston 
University School of Medicine. 
 
Diet, Time of Feeding, Fasting/Refeeding Conditions 
There were 10 separate feeding regimens in this experiment (Fig. 17,18). If food 
was administered to the condition, it was given at ZT2 and ZT8 (ZT0= lights on time).  
Similarly, all fish were administered BrdU for a 24-h period at ZT3-3’ corresponding to 
the trough in the number of cells in S-phase and the EdU injection (i.p.) at ZT9 
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corresponding to the peak in the number of cells in S-phase (Stankiewicz et al., 2017).  
All fasting/refeeding conditions were fed live brine shrimp (Fig. 4).  
The diet and time of feeding conditions began 96-h prior to collection (Fig. 5). 
The morning feeding condition was on fed at ZT2, while the evening feeding condition 
was only fed at ZT8, both were fed with live brine shrimp. The Caloric Restriction 
condition was fed half portions of live brine shrimp, the High Protein condition was fed 
Gemma Micro 300 (Skretting) and an overfeeding (HFD) condition with both Gemma 
Micro 300 and live brine shrimp that is used to represent a typical Western HFD.  
 
Live Brine Shrimp and Gemma Micro 300 
Premium grade brine shrimp cysts were stored at or below 4°C in a tightly sealed 
container and free from moisture as recommended to preserve the nutritional quality.  2 
grams of brine shrimp cysts were incubated for 24 hours in a hatching cone with 25 parts 
per thousand (ppt) sea salt (Instant Ocean) in 3 L reverse osmosis (RO) water between 
26-28°C.  The cysts were exposed to constant illumination and a minimum of 3 parts per 
million dissolved oxygen.  The hatched brine shrimp larvae (nauplii) were harvested with 
a fine mesh net and rinsed with fresh water.  They were fed live to fish at 1.5% of body 
weight.  
Dried brine shrimp nauplii contain 37-71% protein, 12-30% lipid, 11-23% 
carbohydrate and 4-21% ash.  The length of an average nauplius is 450 microns.  
Gemma Micro 300 (Gemma) was stored at at or below 4°C in a tightly sealed 
container and free from moisture as recommended to preserve the nutritional quality.  
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Gemma is between 200-500 microns in size and contains 59% protein, 14% lipid, 0.2% 
fiber, 1.3% phosphates, and 14% ash. Gemma was fed dry to fish at 5% body weight.  
 
5-bromo-2'-deoxyuridine (BrdU) and 5-ethynyl-2'-deoxyuridine (EdU) Pulse-Chase 
Treatment 
During 24 hour intervals, each group (N=6 per 1 L tank) was treated with 
synthetic nucleoside thymidine analog and S-phase marker, BrdU (Sigma-Aldrich), with 
stock solution being administered directly into a 1 L fish tank.  This administration 
occurred at ZT 3 until ZT 3ʹ (ʹ = next Day) of the day of euthanasia.  The choice of this 
BrdU dose (6.5 mM) was based on data previously recorded in which ZT9-11 
corresponds to peak in the number of cells in S-phase (Stankiewicz et al., 2017).   
  At ZT 8, (6 hours after BrdU immersion) the zebrafish were directly injected with 
EdU (50 μg/g), a thymidine analog and a second S-phase marker. The fish were 
sacrificed 2h later at ZT11, i.e., 24-120h after BrdU exposure.  
 
Figure 4. Fasting and refeeding conditions measured by 24h BrdU administration 
and EdU pulse in fish.  On Day 0, five experimental groups were exposed to different 
fasting and refeeding conditions maintained until collection. All fish were administered 
BrdU for a 24-h period at ZT3-3’ corresponding to the trough in the number of cells in S-
phase and the EdU injection (i.p.) at ZT9 corresponding to the peak in the number of cells 
in S-phase (see Chapter 2; Fig. 6) Arrows: Stop feeding (orange), refeeding (purple) 
BrdU administration (red), BrdU washout (blue), EdU injection (green), sample 
collection (black).  N=5-6 fish/time point, AB strain, premature aging 1-year old males. 
14:10 light-dark cycle, grey area -dark.  Zeitgeber time (ZT), ZT0 = lights-on time.   
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Figure 5. Time of feeding and diet measured by BrdU/EdU 24h pulse-chase in fish. 
On Day 0, five experimental groups were exposed to different feeding and diet conditions 
maintained until collection (96h). All fish were administered BrdU for a 24-h period at 
ZT3-3’ corresponding to the trough in the number of cells in S-phase and the EdU 
injection (i.p.) at ZT9 corresponding to the peak in the number of cells in S-phase (see 
Chapter 2; Fig. 6). Control condition from Fig. 17. Arrows: Feeding protocol begins 
(teal), BrdU administration (red), BrdU washout (blue), EdU injection (green), sample 
collection (black).  N=5-6 fish/time point, AB strain, premature aging 1-year old males. 
14:10 light-dark cycle, grey area -dark.  Zeitgeber time (ZT), ZT0 = lights-on time. 
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Immunohistochemistry 
Fish were euthanized with freezing cold water and heads were fixed overnight in 
4% paraformaldehyde in phosphate buffered saline (PBS) at 4°C. Brains were then 
dissected out, cryoprotected in 30% sucrose/PBS, placed in embedding solution (OCT 
compound) and stored at -80°C, until cut. Coronal 20 μm sections were prepared using a 
cryostat (Microm HM505E) and placed onto Fisherbrand Superfrost Plus slides (Fisher), 
then stored at -80°C, until processed. The sections were washed in 0.1 M PBS and 
antigen retrieval was performed using both heat, incubated in 50% formamide / 50% 2X 
SSC at 65°C for 2 h, and acid, 2 M HCl at 37°C for 30 min and 0.1 M boric acid (pH 8.5) 
for 10 min at room temperature.  Following a PBS wash, the slides were incubated 
overnight in primary Ab mouse anti-BrdU Alexa Fluor 555 antibody (Invitrogen, 1:20; in 
0.1 M KPBS + 0.4% Triton-X100) and primary Ab rabbit anti-phospho-Histone H3 
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(pH3) (Ser10) antibody (Millipore, 1:500 in 0.1 M KPBS + 0.4% Triton-X100) at 4°C.  
Then, the slides were washed in PBS then incubated for 1 h in secondary Alexa Fluor 633 
anti-rabbit antibody (Invitrogen, 1:500 in 0.1 M KPBS) at room temperature.  After 
washing in PBS, the slides were slides were incubated for 30 min in Click-iT EdU Alexa 
Fluor 488 reaction cocktail (Invitrogen). The sections were washed in PBS and mounted 
using Vectashield mounting medium (Vector). 
 
Microscopy and Analysis 
Confocal microscopy was performed with a Zeiss LSM 710 using the Observer 
Z1 inverted microscope. Using Zen software, images were taken with a 20X objective. 
To minimize crosstalk between channels in multicolored tissue, sequential image 
acquisition was performed.  The absolute number of labeled cells was quantified in the 
entire cerebellar neurogenic niches (according to Grandel et al., 2006). To account for 
inter-individual difference in brain size, the data were adjusted for brain volume, which 
was estimated based on images of individual brain sections (ImageJ) and using the 
Cavalieri principle (Prakash et al., 1994).  Statistical significance for mean values was 
assessed with an unpaired Student’s t test, with significance level of p<0.05.  
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RESULTS 
 
This study investigated the effects of fasting, different diets and feeding schedules 
on premature aged adult male zebrafish. To characterize nutritional modulation in the 
number of cells undergoing S phase in the adult zebrafish brain under entrained light–
dark conditions, groups of zebrafish were exposed to BrdU starting at ZT3 and for the 
next 24h, through tank water.  At ZT9, i.e., around the known time of peak in the number 
of cells undergoing S-phase in neurogenic niches of adult zebrafish (Akle, Stankiewicz et 
al., 2017), animals received EdU injection and were returned to BrdU-containing fish 
tank until the end of the 24-period when at ZT3’ the brain samples were collected.  This 
allowed evaluation of the overall number of cells undergoing S-phase over a 24-h interval 
(BrdU-total labeling), the portion of these cells that have completed S-phase by ZT9 
(BrdU-only cells), and the portion of cells that entered the S-phase later in the day, after 
ZT9 (co-labeled for BrdU and EdU).   
Further evaluation of the number of BrdU-positive cells was conducted in two 
neurogenic niches, including the dorsal telencephalon (DT) and cerebellum (Cer).  Of 16 
neurogenic niches documented in adult zebrafish and distributed along the entire 
rostrocaudal brain axis, these two were chosen based on previous studies demonstrating 
either their high level of homology to mammalian structures (Cer) or homology to 
specific areas of adult neurogenesis in mammals (e.g., DT being homologous to 
hippocampus; Zupanc et al., 2005; Kaslin et al., 2009).  Moreover, Cer and DT represent 
some of the most active proliferating zones in adult zebrafish brain, with different stem 
cell types present (Kaslin et al., 2013; Than-Trong and Bally-Cuif, 2015). 
	25 
 
Age-related decline in zebrafish neurogenesis 
Reduced neurogenesis in zebrafish with aging has been reported earlier (Edelman 
et al., 2013) but no detailed analysis of this phenomenon has been conducted, so far. To 
accurately determine the age-related progression of changes in adult neurogenesis in 
zebrafish, studies within this lab have compared animals at two young adult stages of 
maturation, 6-month and 1-year old, and then the 1-year old and 3-year old fish.  This 
was based on EdU-labeled cells following a 2h exposure to this thymidine analog 
(i.p.  injection) at the time of the peak S-phase in adult zebrafish, ZT9-11, as per our 
earlier evaluation (Akle, Stankiewicz et al., 2017).  Relative to 1-year control, the 6-
month old fish showed equivalent number of replicating cells (Fig. 6), while aged 3-year 
old fish demonstrated significant decline in proliferation (Fig. 8).  
 
Figure 6. The absolute number of proliferating cells in the cerebellum of young 
adult 0.5-year old and 1-year old fish remains similar. 2-h EdU exposure via i.p. 
injection at ZT9.  Number of cells in S-phase in the cerebellar niche at 0.5- (black) and 1-
years of age (grey). N=5-6 fish per age, mean +/- SEM. 
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As described earlier, excessive caloric load is one of the few identified factors of 
preventable acceleration of aging, and CR is so far the only universally accepted method 
to delay aging process. A model of premature aging (PA) has considerable translational 
value in addressing the problem of decreased neurogenesis.  This lab thus developed a 
model of PA in zebrafish through excessive caloric exposure starting early postnatal 
development and into young adult stages (10 months of age), followed by normal fish 
maintenance for at least 2 months prior to evaluation.   
The success of this approach was evident through multiple behavioral and 
physiological variables being altered in the PA fish. By 1-year of age, PA animals 
developed first anatomical signs of aging, such as scoliosis and muscle wasting, and these 
further progressed over the next year of life (Fig. 7A). Such changes are typical of 4-6-
year-old fish undergoing normal aging.   
Locomotor and behavioral signs of anxiety in PA animals were explored by 
assessing swimming performance, measuring the speed at which animals swim during the 
active daytime phase, and the degree of bottom-dwelling. The latter, a percent time spent 
at the bottom third of the tank, is known to reflect anxiety-like behavior and this 
laboratory has recently demonstrated a progressive increase in this behavior in zebrafish 
undergoing normal aging (Kaprzak et al., 2017). In 3-year old fish undergoing normal 
aging and 1- or 2-year old PA animals, there was a trend toward decreased speed of 
locomotor activity, when compared to 1-year old normal control (Fig. 7B). Moreover, the 
2-year old unsuccessful premature aging fish displayed significantly lower speed of 
locomotor activity relative to both the normal 1-year old group and 1-year old PA 
	27 
animals. Compared to normal 1-year old control, the bottom-dwelling was increased in 1- 
and 2-your old PA groups, and in 2-year old animals undergoing normal aging (Fig. 7C).  
Figure 7. Changes in body shape and locomotor activity with chronological and 
premature aging.  A. a. 1-year old, normal; b. 1-year old, premature aging with 
scoliosis; c. 2-year old, normal; d. 2-year old, premature aging with scoliosis and muscle 
wasting. B. Age-related decline in speed of locomotor activity (cm/s) C. Bottom-
dwelling, time spent swimming at the bottom third of the tank. Red bars - healthy fish 
(0.5 - 2-years of age). Blue bars: 1-year old with premature aging and 2-year old 
(“successful and unsuccessful” premature aging). N=6-8 fish per age, mean +/- SEM, 
*p<0.05 vs normal 1-year old.  
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The rate of cell proliferation in the adult neurogenesis of 1- and 3-year old fish, 
with that in 1-year old PA fish was then compared. The results demonstrated a significant 
change in this physiological function over a course of normal aging, as per earlier studies, 
and a dramatically more pronounced effect during premature aging.  Compared to 1-year 
old control (100%), the number of cells in S-phase in 3-year old normal fish was at 43+/-
7% and in 1-year old PA fish it was at 21+/-3% (Fig. 21).  
Figure 8. Reduction in adult neurogenesis with normal and premature aging.  
Percent of cells in S-phase relative to 100% in healthy control 1-year old fish. 3-year old 
fish undergoing normal aging (red) and 1-year old fish with premature aging phenotype 
(blue). N=4-6/group mean +/- SEM; *p<0.05 vs 1-year old control.  
 
 
 
Total adult neurogenesis in cerebellar and dorsal telencephalic neurogenic niches 
are greatly modified by specific feeding conditions 
Adult neurogenesis was measured within several feeding conditions.  These 
conditions include fasting, fasting and refeeding, high fat diet, high protein diet, caloric 
restriction, and morning or evening feedings only.  The cerebellar niche revealed that 
several of these feeding conditions alter the amount of neurogenesis in the 1-year-old 
adult zebrafish brain. In general, fish on a control diet of brine shrimp exhibited a total of 
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864.24 ± 67.52 BrdU-labeled cells in the cerebellum.  Diet affected the total number of 
labeled cells in each feeding condition, however high fat diet was the only one that led to 
significant change (Fig. 10A).  On average, adult male zebrafish fed a high fat diet for 
96h exhibited almost a 3-fold increase in neurogenesis with a total of 2523.75 ± 281.4 
BrdU-labeled cells in the cerebellum.    
In the dorsal telencephalon, similar results were recorded. On average, control 
fish exhibited a total of 267.15 ± 14.12 BrdU-labeled cells in the dorsal 
telencephalon.  High fat diet and high protein diets both had a significant positive effect 
on the total number of labeled cells in DT.  Zebrafish fed HFD showed a massive 
increase in cells with an average of 708.15± 82.31 BrdU-labeled cells.  Similarly, fish fed 
a high protein diet had an average of 636.45 ± 58.16 BrdU-labeled cells (Fig. 12B).  
 Fasting conditions also modulated the amount of BrdU-labeled cells in the 
zebrafish cerebellum and dorsal telencephalon.  Both the 24h fasting condition and the 
48h fast/refeed condition significantly affected proliferation in the cerebellum compared 
to the control fish (Fig. 11a). The 24h fast condition negatively affected proliferation, 
reducing it 2-fold in the cerebellum with an average of 471.99 ± 56.77 BrdU-labeled 
cells. Alternatively, the 24h fast/24h refeed condition fish had a significant positive 
increase in cerebellar proliferation with an average of 1782.28 ± 164.79 BrdU-labeled 
cells.  In the dorsal telencephalon, the only condition to induce significant change in the 
amount of replicating cells was the 72h fast in which cell total was inhibited.  Fish in this 
condition had 175.02 ± 27.73 BrdU-labeled cells in DT.   The dorsal telencephalon 
showed no other changes in proliferation and the remaining conditions (24h fast, 48h fast, 
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24h fast/24h refeed, 48h fast/24h refeed) all showed cell counts resembling the control 
fish counts.  
 Evening feeding increased the number of proliferating cells in the cerebellum and 
dorsal telencephalon, though was only significant in DT at a total of 492.29 ± 48.66 
BrdU-labeled cells (Fig. 12A).  Morning feedings exhibited similar results of control 
fish.   
Figure 9. Total number of labeled cells within neurogenic niches of 1-year-old 
premature aged fish. A. Schematic of cerebellar and dorsal telencephalic neurogenic 
neiches of adult zebrafish brain, with boxes identifying the areas presented in B, C, D, 
and E. B. Example of total proliferation in Cer and DT of control fish. C. Example of 
total proliferation in Cer and DT of 72h fasted fish. D. Example of total proliferation in 
Cer and DT of HFD fish. E. Example of total proliferation in Cer and DT of evening fed 
fish. Scale bars, 50 m. 
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Role of diet and excessive caloric load on modifications of adult neurogenesis in the 
cerebellum and dorsal telencephalon 
The first goal was to investigate the role that diet or the amount of food might 
play in adult neurogenesis.  The results demonstrated that a high caloric load (HFD) led 
to a significant increase in the overall number of cells in S-phase over 24h in the 
cerebellum, relative to control (Fig. 10A). The high protein diet showed tendency toward 
increasing proliferative activity in the cerebellar neurogenic niche (p=0.06) and 
significantly affected proliferative activity in DT (Fig 11A).  In contrast, the caloric 
restriction group that received two half-portions provided at regular times remained 
similar to the control. When the timing of cell proliferation was analyzed, it revealed that 
all three conditions significantly favored late-day S-phase initiation (Figs. 10B, 11B). 
 
Figure 10. Diet modulates neurogenesis in the cerebellum of 1-year-old premature 
aged fish. A. Total number of BrdU-labeled cells in whole cerebellum in control fish 
(twice a day shrimp diet), overfeeding (twice a day double portion of shrimp and 
gemma), high protein (twice a day gemma), caloric restriction (twice a day half-a-portion 
of shrimp).  B. Percent cells within each group completing S-phase before ZT9 (BrdU-
only, red) vs. cells continuing S-phase beyond ZT9 (co-labeled for BrdU and EdU; 
yellow). BrdU exposure over 24h (ZT3-ZT3’), with EdU injection at ZT9; N=4-5 fish per 
group, mean ± SEM, *P<0.05, relative to condition total. 
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Figure 11. Diet modulates neurogenesis in the dorsal telencephalon of 1-year-old 
premature aged fish. A. Total number of BrdU-labeled cells in dorsal telencephalon in 
control fish (twice a day shrimp diet), overfeeding (twice a day double portion of shrimp 
and gemma), high protein (twice a day gemma), caloric restriction (twice a day half-a-
portion of shrimp).  B. Percent cells within each group completing S-phase before ZT9 
(BrdU-only, red) vs. cells continuing S-phase beyond ZT9 (co-labeled for BrdU and 
EdU; yellow). BrdU exposure over 24h (ZT3-ZT3’), with EdU injection at ZT9; N=4-5 
fish per group, mean ± SEM, *P<0.05, relative to condition total. 
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Nutritional deprivation and intermittent fasting affects adult neurogenesis in the 
cerebellum and dorsal telencephalon 
The next goal was to determine the effects of various fasting lengths on 
neurogenesis. Some conditions also included refeeding the fish to determine if there was 
a difference in proliferation and/or timing in S-phase after nutrients became available 
again. The results demonstrated that a 72h fast (nutritional deprivation) led to a 
significant decrease in the overall number of cells in S-phase over 24h in the dorsal 
telencephalon, relative to control (Fig. 13A).  In comparison, 24fast and 48h fast/refeed 
led to significant decreases in total cells in S-phase, relative to control (Fig. 13A). In the 
cerebellum, acute fasting, within the first 24h, significantly decreased the number of cells 
in S-phase (54% vs. control; BrdU-total) (Fig. 12A). This trend was maintained in the 
48h and 72h fast conditions, though these results did not reach significance. When 
compared to 48-h fast, animals re-fed during the last 24 hours of this period (i.e., 24h 
fast, followed by 24h refeed, samples collected at 48h) demonstrated a dramatic rebound 
(154% vs. control) in the number of cells undergoing S-phase. In contrast, no such 
rebound occurred after fish were fasted for 48-h and refed over 48-72h period, with re-
fed fish showing significant decline in neurogenesis under such conditions, 48% vs. 
control (Fig. 12A).  
 A comparison of the number of cells that completed S-phase by ZT9 and those 
initiating S-phase thereafter (i.e., BrdU-only and co-labeled cells, respectively) revealed 
that these two pools of cells were similar in control animals’ cerebellums (Fig. 12B). In 
comparison, other conditions tended to change this balance toward cells undergoing S-
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phase later in the day and thus were labeled by EdU that was administered at ZT9.  This 
effect was significant for 48-h fast and 72-h fast conditions in the cerebellum.   
In the dorsal telencephalon, the comparison of the number of cells completing S-
phase by ZT9 and those initiating S-phase after revealed different results from that of the 
cerebellum.  The control, 72h fast and 48h fast/refeed conditions all tended toward more 
cells completing S-phase by ZT9 and the 24h fast and 48h fast conditions tended toward 
initiating S-phase after (Fig 13B).   Although these trends are important to mention, only 
the 24h fast and 48h fast/refeed conditions showed significance.   
Figure 12. Fasting and fasting/refeeding modulates neurogenesis in the cerebellum 
of 1-year-old premature aged fish. A. Total number of BrdU-labeled cells in whole 
cerebellum in fish fasting for 24, 48 or 72 hours.  Refeed: 24 hours of refeeding after 24h 
or 48h fast, samples collected at 48 and 72h, respectively. B. Percent cells completing S-
phase before ZT9 (BrdU-only, red) vs. cells continuing S-phase beyond ZT9 (co-labeled 
for BrdU and EdU; yellow) within each treatment group. BrdU exposure over 24h (ZT3-
ZT3’), followed by EdU injection at ZT9; N=4-5 fish per group, mean ± SEM, *P<0.05, 
relative to condition total. 
 
 
Figure 13. Fasting and fasting/refeeding modulates neurogenesis in the dorsal 
telencephalon of 1-year-old premature aged fish. A. Total number of BrdU-labeled 
cells in dorsal telencephalon in fish fasting for 24, 48 or 72 hours.  Refeed: 24 hours of 
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refeeding after 24h or 48h fast, samples collected at 48 and 72h, respectively. B. Percent 
cells completing S-phase before ZT9 (BrdU-only, red) vs. cells continuing S-phase 
beyond ZT9 (co-labeled for BrdU and EdU; yellow) within each treatment group. BrdU 
exposure over 24h (ZT3-ZT3’), followed by EdU injection at ZT9; N=4-5 fish per group, 
mean ± SEM, *P<0.05, relative to condition total. 
 
 
Timing of food intake, morning versus evening, can modify the pattern of adult 
neurogenesis in the cerebellum and dorsal telencephalon 
The final goal was to determine whether administering a whole daily portion of 
food once a day, either in the morning or evening, could interfere with neurogenic 
activity and/or timing. The results presented in Fig. 14A show that fish fed in the 
morning exhibited neurogenesis in the cerebellum that was the same as control.  
However, evening feeding caused an increase in cell proliferation in the cerebellar 
neurogenic niche, though this increase did not reach significance (p=0.08).   The dorsal 
telencephalon niche did show significance in an increase in cell proliferation in evening 
feeding condition (Fig. 15A).  Morning feeding was also increased, but not significant.   
Similarly, the balance between cells undergoing S-phase before and after ZT9 in the 
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morning group remained similar to control but was significantly skewed toward the late 
part of the day in fish that received food only in the evening (Figs. 14B, 15B). 
 
Figure 14. Time of feeding modulates neurogenesis in the cerebellum of 1-year-old 
premature aged fish. A. Total number of BrdU-labeled cells in whole cerebellum in fish 
fed regular daily portion once a day, in the morning (ZT2) or afternoon (ZT8).  B. 
Percent cells completing S-phase before ZT9 (BrdU-only, red) vs. cells continuing S-
phase beyond ZT9 (co-labeled for BrdU and EdU; yellow) within each group. BrdU 
exposure over 24h (ZT3-ZT3’), with EdU injection at ZT9; N=4-5 fish per group, mean ± 
SEM, *P<0.05, relative to condition total. 
 
 
Figure 15. Time of feeding modulates neurogenesis in the dorsal telencephalon of 1-
year-old premature aged fish. A. Total number of BrdU-labeled cells in dorsal 
telencephalon in fish fed regular daily portion once a day, in the morning (ZT2) or 
afternoon (ZT8).  B. Percent cells completing S-phase before ZT9 (BrdU-only, red) vs. 
cells continuing S-phase beyond ZT9 (co-labeled for BrdU and EdU; yellow) within each 
group. BrdU exposure over 24h (ZT3-ZT3’), with EdU injection at ZT9; N=4-5 fish per 
group, mean ± SEM, *P<0.05, relative to condition total. 
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DISCUSSION 
 
 This study addressed the extent to which feeding, including its nutritional value, 
content and timing of administration, can modify adult neurogenesis in animals 
undergoing premature aging. The present findings establish an effect of nutrition on 
neurogenesis in the cerebellum and dorsal telencephalon of adult zebrafish.  Zebrafish 
maintained on HFD, subjected to fasting, or fed only in the evenings showed significant 
changes in neurogenesis in two distinct neurogenic niches from that of control fish.  
High fat diets have been shown to impair spatial learning and incur a negative 
impact on hippocampal and hypothalamic neurogenesis (Lindqvist et al., 2006; Molteni 
et al., 2002; Winocur and Greenwood, 2005; Li et al., 2012; McNay et al., 2012).  Our 
diet results show that HFD greatly increases neurogenesis in the zebrafish brain.  These 
results align with the results found by Lee et al., 2012 in which hypothalamic 
neurogenesis can increase in response to short-term HFD feeding.  They hypothesize that 
this increase is most likely an adaptive reaction of the hypothalamus that attempts to 
counteract the negative effects of HFD feeding on energy balance.  If the HFD zebrafish 
were submitted to this diet for a longer period of time, we would expect to see a decrease 
in neurogenesis similar to the decreases seen in rodents (Lindqvist et al., 2006; Molteni et 
al., 2002; Winocur and Greenwood, 2005; Li et al., 2012; McNay et al., 2012). 
 Surprisingly, the results showed that a caloric restricted diet did not change total 
proliferation in the zebrafish brain.  CR has not been studied in zebrafish in depth and our 
results differ from those shown in rodents (Lee et al., 2000; Lee et al., 2002; Bondolfi et 
al., 2004).  However, this study was acute in length and CR may take longer than 72 
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hours to show any difference in neurogenesis in the zebrafish.  There is still much to 
learn and investigate about CR and HFD short-term and long-term effects in the zebrafish 
brain.  
Studies have shown that intermittent fasting can improve neurogenesis through 
increases in BDNF (Bruce-Keller et al., 1999; Duan and Mattson, 1999; Leet et al., 
2002).   In comparison, long-term fasting, or nutritional deprivation, has been shown to 
limit cell proliferation (Speder et al., 2011; Laus et al., 2011; Love et al., 2014; Benitaz-
Santana et al., 2016).  Our fasting results indicate that nutritional deprivation (ND), as 
shown by studies conducted by Love et al., 2014 and Benitaz-Santana et al., 2016, 
detrimentally affects neurogenesis and cell proliferation in zebrafish.  Interestingly, 
refeeding following a 24h fast produced a disproportionate increase in S-phase cells in 
the neurogenic niche.  This was in striking contrast to the refeeding following 48-h fast 
condition which resulted in even lower cell division rates than under regular feeding 
conditions. The dynamic changes of the effects of fasting should be explored further, 
especially in view of the well-characterized effective modification of internal energy 
sources during fasting, switching from carbohydrate to lipid metabolism. Interestingly, a 
recently published study in zebrafish did not see decreases in proliferation in their optic 
tectum until 2 weeks of fasting (Benitez-Santana et al. 2016).  IF may have remedial 
effects on debilitating and prevalent neurodegenerative disorders such as Alzheimer’s, 
Huntington’s, and Parkinson’s disease and should thus be investigated further (Yu and 
Mattson, 1999; Duan et al., 2003).  
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This study is unique in that it also investigates the timing in which greater 
amounts of S-phase occurs during specific feeding conditions.  Determining the timing of 
significant S-phase changes could be integral in establishing therapeutic applications.   
It has become obvious that there is an effect of nutrition on adult neurogenesis.  It has 
been firmly established that specific diet regimens such as HFD and intermittent fasting 
have an impact on neurogenesis.  Consequently, modulating neurogenesis by diet and/or 
metabolic factors could be a target of choice to prevent cognitive decline during aging, as 
well as to counteract the effects of cognitive diseases.  However, more work is needed to 
further establish the specific mechanisms in which nutrition and specific nutrients affect 
neurogenesis. Once a more systematic approach to dietary intervention is accepted and 
more is elucidated about the unique properties of the neurogenic niches, investigators can 
begin to consider potential mechanisms of action and translation to functional relevance 
in humans. These studies are necessary to confirm nutrition as a measure against age-
related cognitive decline and disease.  Future studies using a high throughput zebrafish 
model should provide needed insights into the role of specific factors in adult 
neurogenesis and help in developing therapeutic strategies to benefit human patients.  
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